abstract: Species richness varies dramatically among groups of organisms, yet the causes of this variation remain poorly understood. Variation in species-level diversification rates may partially explain differential species richness among clades, but older clades should also be more diverse, because they will have had more time to accumulate species. Surprisingly, studies that have investigated this question have reached dramatically different conclusions: several claim to find no such age-diversity relationship, whereas a recent and more inclusive study reported that clade age and not diversification rate explains the variation in species richness among animal taxa. Here I address the relationship between clade age and species richness using a model-based approach that controls for variation in diversification rates among clades. I find that species richness is effectively independent of clade age in four of five data sets. Even extreme among-clade variation in diversification rates cannot account for the absence of a positive age-diversity relationship in angiosperms, birds, and teleost fishes. I consider two alternative explanations for these results and find that a clade volatility model positing correlated speciation-extinction dynamics does not underlie these patterns. Rather, ecological limits on clade growth, such as geographic area, appear to mediate temporal declines in diversification within higher taxa.
Introduction
Why do some groups of organisms have so many species and why do other groups have so few? Despite decades of interest in this problem (Raup et al. 1973; Slowinski and Guyer 1989; Sanderson and Donoghue 1996; Mooers and Heard 1997) , there is no consensus on the general processes that underlie this pervasive feature of biological diversity. One possible explanation for differential species richness among clades is that it reflects lineage-specific differences in rates of speciation and extinction. These parameters-collectively referred to as diversification rates-are widely known to vary both over time (Sepkoski 1998; Phillimore and Price 2008) and among lineages (Sims and McConway 2003; Coyne and Orr 2004; Davies et al. 2004; Moore et al. 2004 ) and clearly influence species richness among clades (Phillimore et al. 2006; Moore and Donoghue 2007; Rabosky et al. 2007 ). However, another major explanation for these differences in species richness is clade age: older clades have had more time to accumulate species and should be more diverse than younger clades (Labandeira and Sepkoski 1993; Wiens and Donoghue 2004; McPeek and Brown 2007) .
For clades that grow with an identical net rate of diversification, there is a strong relationship between extant diversity and clade age ( fig. 1a) , even when speciation and extinction rates are exactly equal ( fig. 1b) . It is therefore surprising that several recent studies have reported nonexistent or even negative relationships between clade age and extant species richness in higher taxa (Magallon and Sanderson 2001; Ricklefs 2006 Ricklefs et al. 2007 ). For example, Ricklefs (2006) found a weak but negative relationship between clade age and species richness for avian tribes. This was interpreted as a tendency for clades to grow rapidly to an equilibrium diversity, with comparatively little net diversification occurring after that time. Magallon and Sanderson (2001) found a similar weak effect of clade age on species diversity in angiosperm higher taxa. In an analysis of major clades of squamate reptiles, Ricklefs et al. (2007) found no effect of clade age on species diversity: older lineages were no more species-rich than young clades.
In contrast to the above-mentioned studies, McPeek and Brown (2007) reported that clade age, but not diversification rate, explains the variation in species richness among animal taxa. They arrived at this conclusion by applying a regression framework to two data sets. First, they considered a set of 163 species-level molecular phylogenies tabulated from the literature, where all phylogenies were required to be time calibrated and at least 50% complete at the species level. Their second data set consisted of extant species diversities for a set of animal higher ). Sper p 0.69 ciation/extinction rates were respectively set to 0.3 and 0.2 for a and to 0.1 and 0.1 for b. Results for each scenario are based on 200 phylogenies simulated in the R package GEIGER (Harmon et al. 2008) ; each simulation was conducted for a length of time drawn from a uniform distribution with endpoints of (10, 50) or (25, 400) for a and b, respectively. Because extinction was present in the simulations, the duration of the simulation does not necessarily correspond to the recovered clade age, as clade age is the time of the basal divergence among the set of taxa that survived to the end of the simulation (e.g., crown clade age).
taxa (e.g., teleost and insect orders) with fossil-based estimates of crown clade ages. Because their molecular phylogenetic data set is composed of comparatively small species-level phylogenies, it addressed a much different temporal scale than the previously mentioned studies that found no relationship between clade age and species richness among plant and animal taxa. They nonetheless reported a significant correlation between age and diversity in their fossil-based data set of higher taxa ( , r p 0.65 ).
Correlations between Age and Diversity Reconsidered I obtained the angiosperm crown clade data set from Magallon and Sanderson (2001) as well as the avian tribes data set from Ricklefs (2003 Ricklefs ( , 2006 . The Spearman correlation between log(diversity) and crown clade age in Magallon and Sanderson's (2001) analysis of major angiosperm clades was negative but nonsignificant ( , r p Ϫ0.12 P p ). Likewise, Ricklefs (2006) SD p 39.1 m.yr.). I therefore split the data from this study into constituent groups, assuming that any relationship between age and diversity should also hold among clades within major taxonomic categories. Because the avian order data set (McPeek and Brown 2007) overlaps with the much larger avian tribe data set studied by Ricklefs (2006) , I omitted the orders from further analysis. I further eliminated both the amphibian and nonavian reptile data sets because of low sample sizes (amphibians:
; nonavian n p 3 reptiles:
), noting that Ricklefs et al. (2007) found n p 4 a weak and nonsignificant relationship between diversity and age in squamate reptiles, using a much larger number of clades (Pearson's , , ) . Numr p 0.17 P p .32 n p 36 bers of clades, data source, and Spearman correlations between log(diversity) and age for all groups are shown in table 1, and raw data are given in table A1 in the online edition of the American Naturalist. Only insects show a significant positive relationship between clade age and diversity. In all analyses below, I excluded groups with only one species from data sets with stem clade ages (eliminating two of 90 avian tribes) and two species from sets with crown clade ages (eliminating two of 20 mammalian orders and one of 49 angiosperm clades). These groups were removed because several methods described below require that all clades or lineages have nonzero diversification rates (e.g., crown groups with only two extant species have zero net diversification). Regardless, alternative approaches that included this small number of lineages did not alter the general results presented below.
Possible Explanations for Weak Age-Diversity Relationships
Several confounding factors that have not previously been considered might weaken the age-diversity relationship in the analysis of higher taxa. For example, the variation in species richness explained by clade age depends fundamentally on the amount of variation in clade age. If there Note: Data sets include the number of clades included in the analysis, the Spearman correlation coefficient r between (log) species richness and clade age, and data source (raw data are given in table A1 in the online edition of the American Naturalist). Two-tailed P values.
is comparatively little variation in clade age within a sample of higher taxa, then it should be unsurprising if other factors (e.g., diversification rate) explain more of the residual variation in diversity. Likewise, diversification rates clearly vary among clades (e.g., Owens et al. 1999; Chan and Moore 2002; Paradis 2005) , and increased variation in rates among clades should weaken the strength of the age-diversity correlation, but there have been no investigations of how rate variation might influence the appearance of "weak" or "strong" relationships between age and diversity. Most importantly, both the variance in clade age and the extent of among-clade variation in diversification rates are likely to differ among sets of higher taxa (e.g., avian tribes, angiosperms, teleost orders), making it difficult to generalize and compare the age-diversity relationship across taxonomic groups and phylogenetic scales.
Another possibility entails correlated speciationextinction dynamics (Gilinsky 1994; Lee and Doughty 2003) , whereby clades with the highest net diversification rates tend to have high relative extinction rates. The most rapidly diversifying clades would thus have a high probability of extinction, and any set of clades observed in the present would necessarily reflect this bias. There is considerable evidence from the paleontological literature for correlated speciation-extinction dynamics-high speciation rates are often coupled with high extinction rates (Stanley 1979 (Stanley , 2007 Gilinsky 1994; Liow et al. 2008 ). This high rate of both extinction and speciation leads to high rates of lineage turnover through time and results in clade "volatility" (Gilinsky 1994) . Under the volatility model, clades with the highest rates of diversification would be those with the highest relative extinction rates. Clades with high diversification rates should thus be young, because old clades with high diversification rates will likely have become extinct due to their correspondingly high relative extinction rates. Sepkoski (1998) suggested that such a correlation between speciation and extinction could explain the long-term declines in diversification rates observed in many taxa in the fossil record as an epiphenomenon of the differential extinction of low-and high-rate clades.
A final explanation proposes that ecological factors impose constraints on clade growth: clades undergo initially rapid diversification, but these high rates slow through time because of ecological limitations (Valentine and Moores 1972; Rosenzweig 1975) . This might reflect density-dependent diversification, where speciation and/or extinction rates are a function of resource availability (Sepkoski 1978; Walker and Valentine 1984; Nee et al. 1992; . As the number of species within a particular ecological or biogeographic theater increases, opportunities for speciation decrease or extinction rates increase. This process has long been hypothesized to underlie diversity dynamics in the fossil record (Valentine 1969; Stanley 1973; Rosenzweig 1975; Sepkoski 1978; Carr and Kitchell 1980) . Indeed, many researchers from this period (see Rosenzweig 1975; Sepkoski 1978 ) felt that such diversity dynamics were a logical extension of MacArthur and Wilson's (1963) equilibrium theory of island biogeography to evolutionary processes of speciation and extinction (MacArthur 1969) . I used a model-based approach to test these hypotheses for the absence of a positive age-diversity correlation in higher taxa. I first evaluated the observed correlations between clade age and species richness for all groups in table 1 with respect to a set of null models that make different assumptions about the distribution of rate variation among clades. I then conducted a more detailed analysis of one data set, the avian tribes, to test whether the absence of a positive age-diversity correlation can be explained by clade volatility, density-dependent diversification, or diversification mediated by other ecological factors. I used the avian tribes data set as a model because of the availability of ecological data and the fact that this data set has been the focus of several previous studies (Ricklefs 2003 (Ricklefs , 2006 .
Models, Estimation, and Simulation
My general approach to evaluating the raw age-diversity correlations (table 1) was to simulate clades of the same age as the observed clades under variants of a stochastic birth-death process. For each data set, I generated a null distribution of clade sizes, assuming constant or variable diversification rates among clades. I then computed the Spearman correlation between log(diversity) and clade age. Because this approach maintains the age structure of clades within each data set, any effects of variation in clade age on the resulting age-diversity correlation are accounted for. This approach also provides an expectation for the correlation between age and diversity under alternative models of diversification rate variation among clades. I conducted 5,000 simulations per data set and null model. Clade ages used in this study were derived from DNA hybridization data (avian tribes) and the stratigraphic record (insects, fish, mammals, angiosperms), and uncertainty in the estimates is unknown. The analyses below assume that error in clade age alone does not account for the poor relationship between age and extant species richness.
I used models based on a general birth-death process, where each lineage gives rise to new lineages with per capita rate l and becomes extinct with rate m (Kendall 1948; Nee et al. 1994; Rabosky and Lovette 2008b) . These parameters in turn specify the net diversification rate r and the extinction fraction , where and r p l Ϫ m . These latter parameters are especially important p m/l and specify the distribution of speciation times in a reconstructed phylogenetic tree, the expected number of descendants of a diversification process, and the long-term probability of lineage extinction (Nee et al. 1994; Rabosky 2006) , at least for the time-homogeneous diversification process.
I considered three alternative models of variation in diversification rates among clades. In the first, I assumed that the net diversification rate r was constant among lineages. In the second model, I relaxed this rate constancy by assuming that r for each clade was drawn from a gamma distribution. Finally, I considered an overdispersed rate model, where rates are drawn from a uniform distribution (see below). The relaxed rate model assumes a lower variance for the distribution of rates than the uniform distribution, which results in the greatest range and variance in clade size. For each model, I considered three relative extinction scenarios: , , and random . In p 0 p 0.95 the latter model, I drew for each clade uniformly on the interval [0, 1) during each replicate simulation, where square brackets denote the inclusion of an interval endpoint. Thus, under the random model, each clade within each data set (e.g., angiosperms) would have a potentially unique value.
Constant Net Diversification Rate
Under the constant rate model, I simulated clade diversities given an estimate of the net diversification rate for each data set, holding this parameter constant among clades. The estimator was found by maximizing the likelihood function
where N is the total number of clades and n i , t i , and i are the diversity, age, and relative extinction rate of clade i. Note that i varies only under the random model. The probability of k lineages is calculated as (Bailey 1964; Raup 1985) , where a is the number of ancestral lineages,
exp (rt) Ϫ and . For clades with stem ages, because a p b a p 1 the age of the clade represents the time required for a birth-death process beginning with a single lineage (e.g., immediately after the clade ancestor split from its sister group) to diversify into k lineages. For clades with crown group ages, because the clade age corresponds to a p 2 the time of the basal bifurcation in the crown group; at this time, exactly two lineages were alive, which left descendents to be observed in the present. Finally, we condition equation (2) on the probability that the stem or crown group ancestor(s) survived to the present, as otherwise they would not exist to be observed. In the case of the stem ancestor, this probability is simply , and 1 Ϫ a for crown group ancestors, it is .
2 1 Ϫ a Under the random variant of this model, the net diversification rate is constant among lineages, but l and m are not. This simple equivalence of net diversification rates among lineages with different values of does not imply that they will produce the same expected number of lineages per unit time. Indeed, as the relative extinction rate rises, the net diversification rate required to produce a given diversity level drops (Magallon and Sanderson 2001; fig. A1 in the online edition of the American Naturalist) . It is thus difficult to compare "diversification rates" among clades without assuming homogeneous among lineages.
"Relaxed" Net Diversification Rate
The relaxed rate model assumes that clade rates are drawn from an overall distribution of rates. This is conceptually similar to a framework used to relax the assumption of constant substitution rates among lineages in molecular evolutionary studies (e.g., Thorne et al. 1998; Drummond et al. 2006) . I first approximated the distribution of diversification rates among clades within data sets using the stem or crown clade estimators of r from Magallon and Sanderson (2001; eqq. [6] , [7] ). Strictly speaking, this is the observed distribution of rates only if we make the assumption that rates for each clade are independent of other clades in the data set, but this is a conservative assumption in the context of this analysis. Note again that for the random model, r for each clade was estimated assuming a uniquely drawn value of , and each replicate simulation entailed drawing new parameters for each clade. I assumed rate variation among clades followed a gamma distribution after comparing log-likelihood values for the data under gamma and other potential candidate distributions, including the lognormal. I found maximum likelihood estimates of scale and shape parameters given the estimated rates for each clade. Simulations were conducted by drawing r for each clade from a gamma distribution parameterized to fit the observed data, thus mirroring the observed heterogeneity in rates among clades within data sets. Clades were then simulated given these diversification parameters. As above, the process was repeated assuming , , and random . p 0 p 0.95
Overdispersed Net Diversification Rate
For the overdispersed rate model, net diversification rates were drawn from a uniform distribution. Upper and lower bounds were determined by the observed distribution of rates as calculated above; I arbitrarily set the endpoints of the distribution by calculating the tenth percentile of the range of observed rates and subtracting this value from the observed minimum to obtain a lower bound or by adding the value to the maximum to obtain the upper bound. If the lower bound calculated in this fashion was less than zero, it was reset at half the distance between the observed minimum and zero. This model results in a much greater variance in rates and diversities among clades than both the actual data and relaxed rate model ( fig. A2) .
Simulations
From the basic probability model for the birth-death process (Kendall 1948; Nee et al. 1994) , we note that the probability of k lineages at time t, conditional on survival of the process to the present, is 
where . This is simply a geometric distribution with k 1 0 parameter . It follows that drawing from this distri-1 Ϫ b bution is a simple method for simulating diversity given r, , and t. For groups with a single ancestral lineage, we simply draw from this distribution until a nonzero result is obtained. For groups with two ancestral lineages, we draw two nonzero numbers from the distribution; their sum is a single simulated diversity value. All analyses and simulations were conducted in the R programming environment.
Clade Volatility Analyses
I conducted simulations to test whether the clade volatility model could generate a negative correlation between species richness and clade diversity. I considered two general models: correlated with r, and correlated with l. For each model, I first drew 10 4 stem clade ages with replacement from the set of stem group ages for the avian tribes data set. I then associated each stem age with a random value, with drawn uniformly from [0.2, 1.0). For the correlated -r model, I drew 10 4 random r values on the interval (0.02, 0.78); these values correspond to the 2.5% and 97.5% quantiles of the estimated distribution of r for the avian data when is assumed to be uniformly distributed on [0.2, 1.0). The r values were sorted and ranked and each r was paired uniquely with the value with the corresponding rank. Thus, the largest r value was associated with the largest , the smallest r with the smallest , and so on. There was thus a perfect correlation between and r. For the correlated -l model, I repeated this procedure but drew l uniformly on (0.07, 6.8). Each clade thus had a start time for diversification and unique -r or -l combination. These ranges for r and l correspond to ranges estimated for the actual avian data set.
The simulation consisted of three steps. First, I calculated the probability that each clade would survive to the present (time T) as
after Kendall (1948) ; extinction was then simulated by drawing a random number uniformly on the interval (0, 1). If this number exceeded the survival probability, the clade became extinct. For the set of surviving clades, I simulated clades using draws from the geometric distribution as described in "Simulations." I then tabulated the bootstrap distribution of age-diversity correlation coefficients by sampling sets of 90 clades (the number of clades in the avian data set) and computing the correlation between log(diversity) and clade age.
Ecological Diversification Models
To test whether ecological factors can account for the absence of a positive age-diversity correlation, I constructed several models of time-varying diversification with and without ecological covariates and fitted these models to the avian tribe data. Because geographic area is predicted to exert a substantial influence on clade diversity (Sepkoski 1976; Losos and Schluter 2000) , I used the geographic region occupied by each clade as a simple index of "ecology"; areas occupied by each tribe were taken from Ricklefs (2006) . Geographic area corresponds to the area of the major zoogeographic regions in which extant members of each clade occur. The first model proposes that the net diversification rate r declines exponentially through time, as expected under some models of density-dependent diversification (Nee et al. 1992; Rabosky and Lovette 2008a) :
Here l 0 represents the initial speciation rate, z specifies the rate of decline through time, and t is time measured from the start of each radiation (rather than absolute time); thus, each clade begins diversifying with the same initial high rate. Note that extinction (m) appears in this expression as , where . I extended this Ϫzt l(t) l(t) p l e 0 model to include an ecological covariate, such that diversification rates were scaled by the log of the geographic area occupied by each clade:
i, t i where r i, t is the net diversification rate of clade i at time t, where A i is the area occupied by clade i. I refer to the models in equations (6) and (7) as density-dependent models, even though we are not explicitly modeling declining diversification rates as a function of the number of lineages in existence. This assumes that geographic area has been constant through time, but this is a conservative assumption, because time-varying geographic area should only make it more difficult to detect a true area effect. I also modeled diversification as a constant-rate but areaspecific process, such that net diversification rates are proportional to the area occupied by each clade:
i i
For comparison, I also considered a model of time-varying diversification, such that the overall diversification rate increases or decreases linearly through time:
0 where t is absolute time. Additional details regarding model fitting are given in the appendix. I compared the fit of the models using the Akaike Information Criterion (AIC). I then simulated 5,000 sets of clades of the same age as the avian tribes under the maximum likelihood parameter estimates for each model to test whether these models could generate weak or absent correlations between age and diversity. Simulations were conducted by drawing clade sizes from a geometric distribution (eq.
[4]), with parameter computed for the inhomogeneous 1 Ϫ b birth-death process (Bailey 1964; appendix) .
Results

Age-Diversity Correlations and Among-Clade Rate Variation
Clade age is a poor predictor of species richness: with the exception of insects, the observed age-diversity correlation is much lower than expected when clade sizes are simulated using maximum likelihood estimators of the net diversification rate ( fig. 2, top row) . For teleosts, birds, and angiosperms, clade age explains none of the variation in species richness ( ; table 1) unless we allow the posr ! 0 sibility of an inverse relationship between age and diversity. These results are robust across all three extinction scenarios; although figure 2 shows results for , both p 0 and random give similar results (table A2) . p 0.95 Numerical results for all simulations (mean, standard deviation, and other simulation parameters) are given in table A2.
These general results hold after relaxing the assumption of homogeneous diversification rates among clades ( fig.  2, middle row) . When gamma-distributed heterogeneity in r is incorporated into simulations, the observed agediversity correlations are still lower than the expected correlations for all data sets. This result is significant across all extinction scenarios for teleosts, birds, and angiosperms. While not significant for insects and mammals, the results trend in the same direction.
Even simulations conducted with overdispersed, uniformly distributed net diversification rates generally fail to recover age-diversity correlations as low as those observed in mammals, teleosts, angiosperms, and birds ( fig. 2, bottom row) . Observed correlations are significantly lower than simulated correlations for teleosts, birds, and angiosperms ( ) and trend in this direction for mammals P ! .05 ( ). Only in insects is there any evidence that such P ! .15 but are very similar to those obtained for and random models (table A2 in the online edition of the American Naturalist). p 0 p 0.95 All simulations for a given taxonomic group (e.g., angiosperms) used the observed set of clade ages; the distribution of correlations thus indicates the expected correlation under a stochastic birth-death process. Correlations for angiosperms, birds, mammals, and teleosts are significantly less than expected under the constant rate model, and correlations for angiosperms, teleosts, and birds are significantly less than expected under all three simulation models. Mean correlations, effect sizes, and other simulation parameters are given in table A2. Results for each group are based on 5,000 simulated data sets. rate overdispersion is a possible explanation for the weak correlations between age and diversity. As in constant rate and relaxed rate simulations, these results are robust across the three extinction scenarios considered (table A2) .
Clade Volatility Analyses
For both the correlated -r and -l models, a majority of clades became extinct during the simulation (56.9% and 55.3%, respectively). Moreover, extinction had profound consequences for the distribution of relative extinction ratios among surviving clades ( fig. 3a) , as expected. However, even this considerable and selective clade mortality failed to eliminate the positive age-diversity correlation ( fig. 3b, 3c) . Despite a perfect correlation between and r, and between and l, age continues to exert a potent effect on species richness.
Ecological Diversification Models
Comparison of model likelihoods in an AIC framework clearly indicates that the density-dependent model with geographic area best fits the avian tribe data (table 2) , under both and . The next-best model was p 0 p 0.95 a simple density-dependent model without incorporating geographic area ( , ; , DAIC p 15.5 p 0 DAIC p 15.6 ). To assess whether any of the models could p 0.95 recover the age-diversity relationship observed for birds, I simulated clades under the maximum likelihood parameter estimates for each model, using the observed set of avian stem clade ages. The density-dependent models result in a breakdown of the age-diversity relationship ( fig.  4a, 4b) , whereas the area-only and linear change models ( fig. 4c, 4d ) recover a substantial correlation between log(diversity) and clade age. These results indicate that the two density-dependent models, uniquely among all other scenarios considered, can account for the absence of a correlation between log(diversity) and clade age. The fitted speciation-extinction rates cannot explain the lack of correlation between clade age and species richness. a, Distribution of relative extinction rates among surviving clades in the simulation with correlated -r dynamics. Distribution was uniform among 10 4 clades that started the simulation, but more than half became extinct, and those that became extinct tended to have high values. Correlation between age and species richness for simulations assuming a perfect correlation between and r (b) and between and l (c). Even this perfect correlation between extinction probability (proportional to ) and net diversification or speciation results in a substantial positive correlation between species richness and clade age. net diversification through time curves for the densitydependent models ( fig. 5 ) suggest that increases in clade species richness generally occurred within the first 3 million years from the start of each radiation. Diversity levels appear not to have increased with time beyond this point, although short-term fluctuations would likely have occurred. Because the minimum estimated stem clade age for the avian tribes is 3.5 million years (mean p 8.2
), this suggests that the total species divermillion years sification experienced by any clade is effectively independent of the age of the clade.
These results also suggest that estimates of extinction are model-dependent: the constant rate, area-only, and linear change models all provide strong support for high relative extinction rates (table 2). The difference in AIC scores between and for these models p 0 p 0.95 ranges from 57.1 to 104.1. However, simulations indicate that these models result in positive age-diversity correlations, even under high relative extinction rates. In contrast, the density-dependent models provide no support for high relative extinction rates and further suggest that power to distinguish between alternative extinction scenarios is low. The density-dependent model with geographic area as a covariate provides modest support for , but the varp 0 iant without area is unable to distinguish between low and high values. Yet it is only these latter models that are capable of recovering the observed relationship between clade age and diversity ( fig. 4) .
Discussion
A number of surprising results follow from these analyses. While previous studies painted a conflicting picture of the relationship between age and diversity (Ricklefs 2006; McPeek and Brown 2007) , this analysis clearly indicates that clade age alone explains little of the variation in species richness among recognized higher taxa. When clades are simulated under a constant rate birth-death process, the correlation between age and species richness is far greater than that observed in four of five data sets considered here ( fig. 2; table A2 ). Species richness can potentially be thought of as the net outcome of four factors: clade age, diversification rate, mass extinction events, and the stochasticity of the diversification process. Because the simulation procedure I used is inherently stochastic and explicitly controls for variation in clade age, these results imply that variation in diversification rates, either over time or among lineages, must account for the failure of the constant rate diversification model to explain the data.
However, the absence of a relationship between age and species richness does not merely result from heterogeneity in diversification rates among clades. I predicted that the magnitude of the correlation between clade age and species richness would decline as rates varied among clades. Although the strength of the correlation tends to decay with increased rate heterogeneity ( fig. 2; table A2 ), contrary to my expectation both the relaxed and overdispersed rate models were generally insufficient to explain the observed diversity-age correlations. Variation in rates among clades does not eliminate the strong effect of age on species richness.
If the absence of an age-diversity relationship cannot be attributed to heterogeneous diversification rates among clades, I proposed that clade volatility or ecological con- ). p 0 trols on diversification might underlie the pattern. Under the clade volatility model, extinction rates might be tightly coupled to speciation rates, and clades with high diversification rates would be more likely to become extinct. Thus, among the set of clades that have survived to the present, only the youngest clades would be likely to have a high rate of diversification, because older clades with high diversification rates would likely have become extinct.
My simulations indicate that such a clade volatility scenario is unlikely to explain the weak/negative age-diversity correlation among higher taxa. The simulation scenario presented here corresponds to "perfect volatility": higher r or l values are always associated with higher values, and there is no variation in this relationship. Yet even with this perfect correlation, extinction of high-rate clades does not obscure the effects of age on species richness. It is likely that "true" distributions of , r, and l are much more complex than those employed in the simulation model, and clade volatility might yet be important for some yet-unexplored regions of parameter space. However, incorporating this additional realism is a daunting task: it is difficult enough to quantify real-world variation in these parameters among surviving clades (Nee 2001; Paradis 2004) , let alone the set of clades that have not survived to the present.
The most likely explanation for the absence of an agediversity correlation is that ecological factors impose constraints on clade growth: clades undergo initially rapid diversification, but these high rates slow through time due to ecological limitations, which almost certainly include geographic area (Valentine and Moores 1972; Rosenzweig 1975) . I found that simple models of temporally declining diversification provided a better fit to the data relative to other models of among-clade and time-varying diversification (table 2) . Most importantly, only these scenarios were able to recover a correlation between log(diversity) and clade age consistent with the avian tribes data ( fig.  4) .
These results enable us to discriminate between two ecological models of diversification. Under the first model, net diversification rates vary as a function of ecological factors (e.g., geographic area) but remain relatively constant through time. This might occur if opportunities for speciation arise in proportion to the geographic area occupied by a clade, without necessarily positing hard limits on total diversification. The second model proposes that there is a limit to total diversification, with the limit set by geographic area and, presumably, other ecological factors. Although these models are not mutually exclusive, comparisons of model fits (table 2) and simulation results ( fig. 4) clearly imply that limits on diversification account for the dominant signal in these data. If clade diversity is set by ecological factors and diversification rates decline rapidly ( fig. 5) , then attempts to measure and compare diversification rates among higher taxa may be severely compromised if rates are assumed to have been constant through time within clades.
It is also interesting that the density-dependent diversification scenarios suggest either low relative extinction rates or that power is very low to discriminate between high and low relative extinction rates (table 2) . This conflicts directly with the results of previous studies ), which suggested high relative extinction rates for higher taxa as inferred from clade age and species richness data. Moreover, this pattern is contrary to what is seen for constant rate, area-specific, and linear models (table 2), all of which strongly favor high relative extinction rates. That none of the latter models can reconstruct an age-diversity relationship consistent in any way with the actual data ( fig. 4) suggests that all three represent "wrong Figure 4 : Distribution of correlations between log(diversity) and age for clades simulated under density-dependent models (a), density-dependentwith-geographic-area models (b), geographic-area-only models (c), and linear rate change models (d). Simulations were parameterized with maximum likelihood parameter estimates for the avian tribes data set. Arrows indicate the observed age-diversity correlation for the avian data. Both densitydependent models (a, b) generate age-diversity correlations consistent with the observed data, whereas the area-only (c) and linear rate change (d) models generate positive age-diversity relationships. Results shown are for simulations assuming 5 but are virtually identical to those obtained p 0.9 for other values of . models," regardless of their ability to fit the data as measured by the AIC. Had we not considered the densitydependent models, we would have concluded that the areaspecific model with fit the data best, when this p 0.95 model still leads to a positive age-diversity relationship. The difference in fit between these models under p 0 and is considerable (table 2), suggesting that use p 0.95 of inappropriate models can lead to a remarkably high but illusory level of confidence in estimated extinction rates.
The idea that density-dependent diversification might play a major role within species-level radiations is supported by recent analyses of diversification patterns within molecular phylogenies of extant taxa (Lovette and Bermingham 1999; Pybus and Harvey 2000; Harmon et al. 2003; Ruber and Zardoya 2005; Weir 2006 ). Two recent meta-analyses found widespread evidence for temporal declines in speciation during species level radiations (McPeek 2008; Phillimore and Price 2008) . Rabosky and Lovette (2008a, 2008b) found that patterns of diversification in North American wood warblers were better explained by density-dependent speciation than by other factors that could cause real or apparent declines in the rate of speciation through time. These results have often been interpreted as consistent with an adaptive radiation model of diversification, whereby rates of speciation slow through time as ecological niches become progressively filled during the course of a radiation. The results of this study suggest that similar temporal declines in diversification rates may be the dominant signal in higher taxa as well.
Although "niche filling" models have an obvious relevance to understanding temporal declines in diversification within depauperate insular environments, their role in explaining the pattern in ecologically complex continental settings is far from clear. We have no reason to believe that ecological niche availability was any higher during the early evolution of the higher taxa considered in this study. One possible explanation is that higher taxa are recognized as such precisely because they have acquired phenotypic and ecological traits that enabled them to diversify within a novel "adaptive zone" (Simpson 1953; Stanley 1979) . The acquisition of such traits might set the stage for a rapid burst of diversification, but this diversification would slow through time as ecological space becomes progressively more saturated during the course of the radiation. Under this model, the origins of higher taxa should be associated with expansions of total ecological space. A related model is that higher taxon origination is associated with the evolution of competitively superior phenotypes, such that one clade undergoes rapid diver- ) for the avian tribes data set under density-dependent l Ϫ m models assuming a relative extinction rate () of 0.95. a, Simple exponential decline in rates (eq. [6]). b, Exponential decline in rates with geographic area occupied by each clade as a covariate (eq. [7] ). Black curve indicates net diversification rate-through-time curve for a clade occupying the largest geographic region among the avian tribes data (cosmopolitan); gray indicates the curve for the clade with the smallest distribution (New Zealand). In both a and b, almost all diversification is concentrated within the initial 3 million years (my) of the radiation.
sification at the expense of other clades, with little net change in diversity and no expansion of ecological space.
One possible alternative explanation for the pattern is that the absence of an age-diversity correlation is an artifact of error in the estimation of clade age, species richness, or both. For example, if there is no real variation in clade age among a set of taxa, then error in the estimation of clade age can suggest the absence of a positive agediversity correlation, when the phenomenon is attributable solely to error in age estimation. However, Ricklefs (2006) conducted simulations which suggested that this was an unlikely explanation for the avian tribes data set; he reported that error of at least 22% in the estimation of clade ages would still lead to a positive age-diversity relationship.
Another alternative is that evolutionary radiations frequently experience an "overshoot" in species richness, such that young radiations have an excess of species relative to older radiations (Gavrilets and Vose 2005; ).
Extinction then causes this excessive diversity to relax over time to levels seen in other geographic areas. This could possibly lead to a weak age-diversity relationship, because young clades are expected to be proportionately more species rich than older clades. It is unclear whether this phenomenon may operate over timescales relevant to this study, and the generality of such an overshoot effect likewise remains poorly known.
In conclusion, the results of this study indicate that extant species richness is frequently decoupled from clade age in higher taxa and suggest that the pattern reflects ecological constraints on clade growth. Such temporally declining diversification could lead to a dynamic balance between speciation and extinction rates, resulting in zero net diversification after achieving equilibrium ; the equilibrium point might in turn be determined by a variety of resource-related, geographic, or other regional factors. That such factors might exert a strong control on total diversification is supported by the large number of studies that have demonstrated a positive relationship between geographic area and clade diversity (e.g., Sepkoski 1976; Losos and Schluter 2000; Davies et al. 2005; Ricklefs 2006; Ricklefs et al. 2007 ).
